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Departament de Bioquı´mica i Biologia Molecular, Facultat de Biocie`ncies, Universitat Auto`noma de Barcelona, Bellaterra, SpainABSTRACT The three-dimensional organization of the enormously long DNA molecules packaged within metaphase chromo-
somes has been one of the most elusive problems in structural biology. Chromosomal DNA is associated with histones and
different structural models consider that the resulting long chromatin fibers are folded forming loops or more irregular three-
dimensional networks. Here, we report that fragments of chromatin fibers obtained from human metaphase chromosomes
digested with micrococcal nuclease associate spontaneously forming multilaminar platelike structures. These self-assembled
structures are identical to the thin plates found previously in partially denatured chromosomes. Under metaphase ionic condi-
tions, the fragments that are initially folded forming the typical 30-nm chromatin fibers are untwisted and incorporated into
growing plates. Large plates can be self-assembled from very short chromatin fragments, indicating that metaphase chromatin
has a high tendency to generate plates even when there are many discontinuities in the DNA chain. Self-assembly at 37C
favors the formation of thick plates having many layers. All these results demonstrate conclusively that metaphase chromatin
has the intrinsic capacity to self-organize as a multilayered planar structure. A chromosome structure consistent of many
stacked layers of planar chromatin avoids random entanglement of DNA, and gives compactness and a high physical consis-
tency to chromatids.INTRODUCTIONEach chromosome contains a single DNA molecule (1) that
is complexed with histones, forming a chromatin filament
composed of many nucleosomes (2). It is known that during
mitosis DNA is densely packed (3), but the organization of
chromatin in metaphase chromosomes has been a long-
standing problem (4,5). From early electron micrographs
of histone-depleted chromosomes (6), it was suggested
that chromatin is coiled into loops attached to a protein scaf-
fold. The models based on loops bound to a helical scaffold
(7–9) were widely accepted, but more recently, stretching
experiments demonstrated that chromosomes do not have
a mechanically contiguous protein scaffold (10), suggesting
that chromatin associated with nonhistone proteins forms an
irregular network. Immunofluorescence and cryo-electron
microscopy studies (11,12) also suggested that chromatin
is irregularly folded in mitotic chromosomes.
Unexpectedly, it was observed that incubation of meta-
phase chromosomes at 37C produced the emanation of
many multilayered plates clearly visible in the electron
microscope (13). Atomic force microscopy in aqueous
media, polarizing microscopy, electron tomography, and
cryo-electron microscopy results indicated that nucleo-
somes in the plates are irregularly oriented, allowing theSubmitted April 27, 2012, and accepted for publication June 20, 2012.
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. Open access under CC BY-NC-ND license.interdigitation of layers that have an apparent thickness of
~6 nm (14,15). Friction force measurements at the nano-
scale (nanotribology) showed that DNA is the main compo-
nent responsible for the mechanical strength of the flexible
two-dimensional chromatin network that forms the layers
(16). All these findings led to the proposal of the thin-plate
model, in which it is considered that chromosomes are built
by many stacked chromatin layers orthogonal to the chro-
matid axis (14,15,17).
Loop-scaffold (6–9) and irregular folding models (10–12)
have a straightforward relationship with the linear geometry
of DNA. Essentially, in these models it is considered that
a linear chromatin fiber is folded forming a three-dimen-
sional network that fills the chromatid. In contrast, in the
thin-plate model (14,15,17), the linear chromatin filament
is transformed into a two-dimensional network; the stacking
of many layers of this planar structure occupies the entire
volume of the chromatid. This model is based on the struc-
tural and mechanical properties of the multilayered plates
emanated from partially denatured chromosomes under
metaphase ionic conditions (14–16). Furthermore, it is in
agreement with the experimental observation that chromatin
fibers are only visible in metaphase chromosomes treated
with buffers without cations (13). Nevertheless, whereas
different in vitro experiments have demonstrated that in
the presence of intermediate cation concentrations the chro-
matin filament is folded forming fibers of ~30 nm in diam-
eter having different compaction degrees (17–25), there is
no direct evidence of the transformation of the chromatin
filament into planar structures. Here we show that,
under metaphase ionic conditions, chromatin fragments ob-
tained from human metaphase chromosomes associatehttp://dx.doi.org/10.1016/j.bpj.2012.06.028
568 Milla and Dabanspontaneously, forming large multilayered plates. The
results obtained are discussed in the light of present knowl-
edge of chromatin structure and supramolecular self-
assembly of micrometer-scale materials.MATERIALS AND METHODS
HeLa cells cultured in Nunc (Roskilde, Denmark) TripleFlasks (3–6 for
each experiment) were blocked in metaphase with colcemid and chromo-
somes were isolated from mitotic cells (at a concentration of 8 
106 cells/mL) and purified on sucrose step gradients containing 5 mM
PIPES (pH 7.2), 5 mM NaCl, and 5 mM MgCl2 as previously described
in Caravaca et al. (13). To obtain chromatin fragments of different lengths,
metaphase chromosomes were digested in the same buffer (complemented
with 1 mM CaCl2) with micrococcal nuclease (Sigma, St Louis, MO; 3 
103 units per mL of chromosome suspension) for 5–15 min at 37C.
Digested chromosomes were dialyzed overnight at 4C against 10 mM
PIPES (pH 7.2) and 10 mM EDTA, and centrifuged at 2500  g for
5 min. In the typical experiments (Figs. 1 and 2, and see Fig. S1 and
Fig. S2 in the Supporting Material), the supernatant containing the chro-
matin fragments was directly dialyzed for 5–6 h at 4C against the self-FIGURE 1 Self-assembly of metaphase chromatin fragments into multilayer
metaphase chromosomes. (B) TEM images of chromatin fragments from nuc
a low ionic strength buffer (1 mM PIPES, pH 7.2, and 1 mMEDTA) before spread
formed by association of metaphase chromatin fragments dialyzed at 4C again
NaCl, and 17 mM MgCl2) before spreading. (Head arrows in C) 30-nm circula
itated solenoids (26,28,29) oriented with their axes perpendicular to carbon and
Biophysical Journal 103(3) 567–575assembly solution (10 mM PIPES, pH 7.2, 120 mM KCl, 20 mM NaCl,
and 17 mM MgCl2), and finally spread on carbon-coated electron micro-
scope grids.
In some experiments (see Fig. 4 and Fig. S4), the chromatin fragments
were first spread on a carbon-coated grid by centrifugation, then the grid
and 95 mL of the supernatant were placed on a dialysis cup (Slide-A-Lyzer;
Thermo Scientific, Waltham, MA) and dialyzed against the self-assembly
solution for different times (1–24 h) and temperatures (4, 25, and 37C).
In other experiments, chromatin fragments were purified by nondenaturing
electrophoresis (26) before the dialysis against the self-assembly solution
(Fig. 3 and see Fig. S3). In this case, chromatin fragments were electropho-
resed on 0.5% agarose gels in 90 mM Tris-borate buffer; excised bands in
1.5 mL of Tris-boratewere dialyzed overnight against this buffer, and finally
placed on anUltrafree-CLfilter (Millipore, Billerica,MA) and centrifuged at
2500  g for 30 min; the eluted chromatin fragments were concentrated
(using Amicon Ultra-4 filters; Millipore) and dialyzed first for 1 h at 4C
against 10 mM PIPES (pH 7.2) and 10 mM EDTA, and then for 6 h at 4C
against 10 mM PIPES (pH 7.2), 120 mM KCl, 20 mM NaCl, and 17 mM
MgCl2; part of the samplewas used to analyze DNA lengths on agarose gels.
For spreading, the sample (90 mL) above the carbon-coated grid (placed
in the cap of an inverted tube) was centrifuged for 10 min at 1500  g
on a swinging-bucket rotor; extensions were fixed with glutaraldehyde
and shadowed with platinum as described in Ga´llego et al. (14) anded plates. (A) Transmission electron microscopy (TEM) images of native
lease-digested chromosomes; the sample was diluted 10- to 20-fold with
ing. (C andD) Examples of TEM images corresponding to planar structures
st the self-assembly solution (10 mM PIPES, pH 7.2, 120 mM KCl, 20 mM
r structures corresponding to chromatin fragments folded as short interdig-
plate surfaces. Scale bars: 500 nm (A); 100 nm (B); 200 nm (C and D).
FIGURE 2 Self-assembled chromatin plates having partially unfolded layers. In some experiments metaphase chromatin fragments extensively dialyzed at
4C against the self-assembly solution produced plates having regions with a granular texture in the upper layers (indicated by asterisks); the dimensions of
the granules suggest that they correspond to unorganized nucleosomes in chromatin filaments not yet incorporated into well-defined layers. Scale bar:
200 nm.
Self-Assembly of Chromatin Plates 569Castro-Hartmann et al. (15). Images were obtained using a Jeol (Tokyo,
Japan) JEM-1400 microscope. Micrographs are presented in reverse
contrast to facilitate the visualization of plate edges.RESULTS
In vitro self-assembly of chromatin plates
We have obtained chromatin fragments (Fig. 1 B) from
HeLa metaphase chromosomes (Fig. 1 A) digested with
micrococcal nuclease, and we have analyzed in the electron
microscope the structures formed by these fragments in
ionic conditions approaching to those observed in meta-
phase. Considering the analytical results obtained by scan-
ning ion microscopy (27) indicating that metaphase
chromosomes contain physiological concentrations of Kþ
and Naþ and 12–22 mM Mg2þ distributed homogeneously
in the chromatids, our experiments were performed in
a buffer containing 120 mM Kþ, 20 mM Naþ, and 17 mM
Mg2þ. Dialysis of chromatin fragments against this buffer
resulted in the formation of amorphous aggregates and
planar structures of different sizes. The electron micro-
graphs presented in Figs. 1 D and 2 and in Fig. S1, C–F,
and Fig. S2 show examples of the large multilayered plates
produced by the association of chromatin fragments under
these ionic conditions.
The structural properties (i.e., flat and smooth surface;
well-defined edges; stacking of several layers) of the self-
assembled plates are identical to those observed in the plates
emanated directly from metaphase chromosomes (13–15).
Furthermore, the height of the monolayer plates obtained
by self-assembly (6.8 5 1.0 nm, n ¼ 15) determined inunidirectional shadowing experiments (see Fig. S4 H) is
equal to the height of the plates emanated from chromo-
somes (~6 nm) determined using different techniques (17).Chromatin fibers are unfolded and incorporated
into growing plates
Moreover, in the micrographs of self-assembled plates, we
observed circular structures of ~30 nm in diameter (some
of them are indicated by head arrows in Fig. 1 C and
Fig. S1, A and B). According to previous studies performed
with chicken erythrocyte chromatin (26,28), these structures
correspond to short fragments of the 30-nm fiber folded
as compact interdigitated solenoids (29). The fragments
have only few solenoidal turns and are short enough to be
oriented perpendicular to the carbon film surface (i.e., the
observed circular images correspond to the top view of short
fibers). More recently, the same compact 30-nm chromatin
fibers were found in studies performed with reconstituted
nucleosome arrays (30), and atomic-scale modeling allowed
the study of the structural flexibility and dynamic properties
of these interdigitated solenoid structures (31,32).
We observed these compact chromatin fiber fragments
surrounding the plates but also closely associated with
them. The short fibers in contact with the plates were often
structurally altered; they are seen partially unfolded in some
micrographs (see for instance Fig. 1 C), suggesting that they
were in the process of being associated with the growing
plates when the sample was spread on the carbon-coated
grid. In agreement with this association mechanism, involv-
ing fiber unfolding during their incorporation into plates,Biophysical Journal 103(3) 567–575
FIGURE 3 Self-assembly of plates from metaphase chromatin fragments having different length. (A) Chromatin fragments were purified by nondenaturing
electrophoresis on agarose gels; fragments extracted from excised bands Chr 1 (lane 1) and Chr 2 (lane 2) were concentrated, dialyzed for 6 h at 4C against
the self-assembly solution, and finally analyzed in the electron microscope (see B and C); part of the sample was used to measure DNA lengths on agarose
gels (lanes 4 and 5 correspond to the DNA of the chromatin bands Chr 1 and Chr 2, respectively; the size of some DNA length markers is indicated in lane 3).
(B) Plates formed by self-assembly from chromatin fragments (extracted from band Chr 1) having a DNA length (~18 kb) corresponding to ~95 nucleosomes.
(C) Plates obtained with chromatin fragments (extracted from band Chr 2) having a DNA length (~0.6–1.3 kb) corresponding to 3–7 nucleosomes. Scale bars:
200 nm.
570 Milla and Dabanit was found that for the oligomerization of nucleosome
arrays (33) and for the lateral association of chicken eryth-
rocyte chromatin fragments (14) it was necessary the un-
folding of the fibers formed by the reconstituted or native
chromatin filaments used in these previous studies. Finally,
also in agreement with the requirement of fiber unfolding
for plate formation, in the upper layer of some plates, we
observed regions having a grainy texture (see examples indi-
cated by asterisks in Fig. 2 and Fig. S2); the size of the gran-
ules suggests that these regions correspond to nucleosomes
of fully unfolded filaments not completely organized as
well-defined plates at the time of spreading.Biophysical Journal 103(3) 567–575All these results demonstrate that fragments of chro-
matin filaments from metaphase chromosomes can associate
forming plates, but they can also suffer an intramolecular
folding that gives rise to short compact 30-nm fibers.
These fibers were observed in previous studies performed
using a relatively low chromatin concentration in the pres-
ence of intermediate concentrations of Mg2þ (1–2 mM;
see (17,26,28–30)). However, the high chromatin concentra-
tion and metaphase ionic conditions (27) used in the exper-
iments presented here favor the association reaction. Even
the fragments that are initially folded as compact fibers
can be untwisted and incorporated into growing planar
Self-Assembly of Chromatin Plates 571structures that produce the huge multilayered plates
observed in the self-assembly experiments presented in
this work. Our results also suggest that the apparently amor-
phous chromatin aggregates that are often seen associated
with planar aggregates could eventually be transformed
into multilayered plates.Large plates can be self-assembled from very
short chromatin fragments
In the self-assembly experiments, generally we have used
chromatin fragments of different length extracted from chro-
mosomes after the digestion with micrococcal nuclease, but
in some experiments we have used chromatin fragments of
more defined length obtained by preparative nondenaturing
electrophoresis on agarose gels. As can be seen in Fig. 3
and Fig. S3, we obtained large plates independently on the
length of the fragments used in different self-assembly exper-
iments. The observed plates are formed by the typical thin
layers and there is no correlation between fragment length
and the total plate thickness. Note, in particular, that in the
experiment with very short fragments containing 3–7 nucle-
osomes, we also observed well-defined plates (Fig. 3 C).
These results indicate that chromatin at metaphase ionic
conditions has a high tendency to adopt a planar organization
even when there are many discontinuities in the DNA chain.Self-assembly of thick plates with many layers
In the experiments described above, solutions containing the
chromatin fragments were directly dialyzed at 4C against
the self-assembly solution, and then the resulting structures
were spread on carbon-coated grids. In other experiments,
chromatin fragments were first spread on a carbon-coated
grid, and then (in the presence of a solution of chromatin
fragments) were dialyzed against the self-assembly solution
for different times and temperatures (see Fig. 4 and Fig. S4).
The results obtained showed that the initial adsorption of
chromatin to the carbon film does not increase the yield of
plate formation, indicating that the generation of plates
does not require a planar substrate. Plates observed in exper-
iments performed at 25C (Fig. 4 A and Fig. S4, A–C) are
indistinguishable from those obtained at 4C, but plates
formed at 37C are often very thick (see examples in Fig. 4
B and Fig. S4 F). We measured the height of these plates
using unidirectional shadowing (Fig. S4G); the values found
for 14 plates range from 15 to 85 nm. Taking into account that
the images obtained show that these thick plates are also
formed by thin layers, these results indicate that the self-
assembled plates can contain many stacked layers.DISCUSSION
The results obtained in the self-assembly experiments
demonstrate conclusively that chromatin filaments obtainedfrom metaphase chromosomes have intrinsic structural and
cohesive properties for the formation of multilayered planar
structures, which are identical to those emanated directly
from condensed chromosomes (see schematic summary in
Fig. 5). The spontaneous formation of planar metaphase
chromatin opens completely new possibilities for the exper-
imental and theoretical study of the structure and function of
chromosomes. Our results favor the thin-plate model for
chromatin folding in metaphase chromosomes. According
to genomic results showing that there is a direct correlation
between the DNA sequence of each human chromosome
and its cytogenetic map (1,34), in this model it is considered
that plates are oriented perpendicularly to the chromatid
axis and that the successive chromatin layers fill the three-
dimensional space of the chromatid progressively from
one telomere to the other (14).
Considering that in the self-assembly experiments we
have frequently observed huge plates (see Figs. 1 D, 2, and
4, and Fig. S1, C and F, Fig. S2, and Fig. S4, C and F)
and that the plates emanating from partially denatured chro-
mosomes are split but they are often very large (15), it can be
suggested that planar chromatin may form an extensive
structure in native chromosomes. As discussed elsewhere
(15,17), taking into account early studies indicating that
chromatids are helically coiled (7–9,35), it is possible that
each chromatid is formed by a single helicoidal plate. The
assembly in the cell of such a large structure made of
a thin sheet of chromatin seems, in principle, unlikely.
Nevertheless, nanotechnology research has demonstrated,
using different macromolecules and larger components,
that self-assembly processes are able to build, spontaneously,
extremely complex meso- and macroscale materials (36–
38), including impressive helical structures (39–42).
Also in favor of a continuous helicoidal chromatin struc-
ture within chromatids, it has to be taken into account that
the flat plates seen in our micrographs and a hypothetical
helicoidal plate are topologically equivalent and can be con-
verted into each otherwithout changing theirmean curvature;
the plane and the helicoid are both minimal surfaces (i.e.,
theirmean curvature is zero; seeHyde et al. (43)). In addition,
it is known that the formation of helical structures in the self-
assembly reactions is favored by the chiral geometry of the
building blocks (39,42) and, in the case of chromatin, both
DNA and nucleosomes are chiral (44). Finally, note that the
compactness of a helicoidal chromatin sheet with closely
stacked turns is equivalent to that of the self-assembled plates
formed by layers in close contact to each other. The resulting
compaction degree is higher than that obtained with the
typical chromatin fibers considered in different chromosome
models (3), and is compatible with the constraint imposed by
the high DNA density found experimentally in metaphase
chromosomes of different species (45).
Typical chromatids are cylinders having a diameter of
~500 nm and a length of several micrometers. Self-assembly
studies have shown that hierarchical association startingBiophysical Journal 103(3) 567–575
FIGURE 4 Self-assembly of chromatin plates in experiments performed at different temperatures. Metaphase chromatin fragments were spread on
carbon-coated grids by centrifugation, then the grids immersed in a solution of chromatin fragments were dialyzed for different times against the self-
assembly solution at different temperatures. TEM images corresponding to samples incubated at 25C for 24 h (A) and at 37C for 7 h (B). Scale bars:
200 nm.
572 Milla and Dabanfrom building blocks having nanometer-scale dimensions
can produce micrometric structures (41,42). Nucleosomes
are nanometer-scale particles (~11 nm diameter), but in
contrast to other self-assembly systems, these chromatin
building blocks are joined by a molecular bridge (the linker
DNA connecting successive nucleosome core particles in
the chromatin filament). This network organization may
be useful for nanotechnology research because it could
inspire the design of self-assembling materials containing
long polymers of technological interest. In particular, note
that in native chromosomes all the building blocks areBiophysical Journal 103(3) 567–575connected by a single DNA molecule that has a nanometric
diameter (~2 nm) but a macroscopic length (several centi-
meters in the case of human chromosomes). A continuous
helicoidal plate may allow the packaging of this giant mole-
cule according to a homogeneous geometry along most of
the chromosome length. The anomalous conformation of
nucleosomes in the centromere (46,47) could produce an
alteration in the structure of planar chromatin that could
be related with the constriction observed in this region.
From a nanotechnological point of view, the self-assem-
bly of planar chromatin is equivalent to the transformation
FIGURE 5 Summary and relationship to previous studies. (A) Chromatin
fragments obtained by nuclease digestion of chromosomes associate spon-
taneously forming multilayer plates (represented as parallel shaded lines in
the cross section; the red line corresponds to the carbon film substrate used
for TEM imaging); part of the chromatin fragments form short 30-nm fibers
that can be unfolded and incorporated into the growing plates (this associ-
ation reaction is indicated with a discontinuous line). (B) The multilayered
planar structures that were found in previous studies (13–17) sliding from
partially denatured chromosomes were clearly visible in the electron micro-
graphs (schematized in the left part of the chromatid cross section) and have
the same structural characteristics as the laminar aggregates produced by
self-assembly. The results obtained in this study demonstrating the sponta-
neous formation of planar metaphase chromatin strengthens the hypothesis
that condensed chromosomes are formed by many stacked chromatin layers
(represented in the right part of the chromatid cross section). The different
structural elements schematized in this figure are not drawn at the same
scale.
Self-Assembly of Chromatin Plates 573of threads having a nanometric diameter into nonwoven
fabriclike sheets with a nanometric thickness and a large
surface area; such a transformation precludes the random
entanglement of threads and improves the mechanical prop-
erties of the whole structure. In planar chromatin, these
basic properties of fabriclike materials have been observed
experimentally. First, the absence of entanglement is consis-
tent with the observation that stacked chromatin layers in
plates can easily slide relative to each other (14,15). Second,
whereas the stretching force required for DNA breakage is
~1 nN (48), nanotribology studies (16) showed that larger
forces (~5 nN) can be applied during the friction measure-
ments without producing any damage to the plates. These
remarkable structural and nanomechanical properties of
planar chromatin facilitate enormously the complex topo-
logical problem of DNA packaging and give a much higher
physical consistency to the chromosome than the different
chromatin organizations suggested in fibrillar models.
Furthermore, after decondensation of mitotic chromatin,the remains of this planar structure could facilitate the unen-
tanglement between the DNA chains of different chromo-
somes that is observed during interphase (49).
Nucleosomes in the plates do not form regular columns;
they are irregularly oriented allowing the interdigitation of
adjacent layers (14,15). This justifies that the apparent
height of each layer is lower than the nucleosome diameter
and allows face-to-face and lateral side-by-side interactions
between nucleosomes of successive layers. The same inter-
actions were observed in dense phases (arcs and helices;
columnar hexagonal and bilayers) formed by isolated nucle-
osome core particles (50–52). However, whereas in these
aggregates of core particles the strongest interaction is
produced between nucleosome faces (53), in plates this
interaction is weaker than the forces holding the nucleo-
somes within each layer. The presence of linker DNA in
planar chromatin may be responsible for these differences.
The relatively high concentration of Mg2þ in metaphase
may also strengthen this interaction. Furthermore, as it is
known that mitotic histones H1 and H3 are phosphorylated
(54) and that the structure of nucleosomes is dynamic (55),
the bulk of mitotic nucleosomes could be structurally altered
favoring the observed affinity differences.
Since plates self-assembled from chromatin fragments are
indistinguishable from native plates emanated directly from
metaphase chromosomes containing undigested DNA, it is
very likely that the architecture of planar chromatin is
capable of placing the discontinuous DNA in the plates
following the same pattern as the long DNA molecules of
native chromosomes. Moreover, the self-assembly of well-
defined plates containing very small chromatin fragments
observed in this study (Fig. 3 C) suggests that, in the cell,
planar metaphase chromatin can maintain the structural
integrity of chromosomes even if many double-strand breaks
are produced during mitosis.SUPPORTING MATERIAL
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